ABSTRACT: Advances in supramolecular assembly have enabled the design and synthesis of functional materials with well-defined structures across multiple length scales. Biopolymersynthetic hybrid materials can assemble into supramolecular structures with a broad range of structural and functional diversity through precisely controlled noncovalent interactions between subunits. Despite recent progress, there is a need to understand the mechanisms underlying the assembly of biohybrid/synthetic molecular building blocks, which ultimately control the emergent properties of hierarchical assemblies. In this work, we study the concentration-driven self-assembly and gelation of π-conjugated synthetic oligopeptides containing different π-conjugated cores (quaterthiophene and perylene diimide) using a combination of particle tracking microrheology, confocal fluorescence microscopy, optical spectroscopy, and electron microscopy. Our results show that π-conjugated oligopeptides self-assemble into β-sheet-rich fiber-like structures at neutral pH, even in the absence of electrostatic screening of charged residues. A critical fiber formation concentration c fiber and a critical gel concentration c gel are determined for fiber-forming π-conjugated oligopeptides, and the linear viscoelastic moduli (storage modulus G′ and loss modulus G″) are determined across a wide range of peptide concentrations. These results suggest that the underlying chemical structure of the synthetic π-conjugated cores greatly influences the self-assembly process, such that oligopeptides appended to π-conjugated cores with greater torsional flexibility tend to form more robust fibers upon increasing peptide concentration compared to oligopeptides with sterically constrained cores. Overall, our work focuses on the molecular assembly of π-conjugated oligopeptides driven by concentration, which is controlled by a combination of enthalpic and entropic interactions between oligopeptide subunits.
■ INTRODUCTION
Recent advances in supramolecular chemistry have enabled the design and fabrication of next-generation functional materials.
1,2 Using a bottom-up approach, small molecule building blocks can be directed to self-assemble into organized onedimensional (1D), 3 two-dimensional (2D), 4 and three-dimensional (3D) structures 5 via noncovalent interactions. 6 The emergent supramolecular architectures exhibit unique mechanical, 7 biological, 8 and electronic properties, 9 all of which can be harnessed to develop tailored functional materials. Specific intermolecular interactions within organic subunits generally govern the nanoscale self-assembly process, 10 such that intricate molecular mechanisms work in concert to guide the formation of complex higher-order structures. 11 Nature has mastered the ability to order small molecule building blocks into hierarchical assembled structures. Bioderived building blocks such as amino acids or peptides form diverse heterostructures such as proteins or nucleic acid− protein structures, which serve to maintain fundamental life processes. Peptides are a versatile subunit that possess high structural controllability and biocompatibility, and selfassembled oligopeptide sequences form stable helical or sheet structures due to stable intermolecular hydrogen bonding (Hbonding). From this perspective, there is a critical need to understand and harness the molecular mechanisms underlying self-assembly, which can be leveraged to enable the continued design and development of functional materials. 12 Self-assembled 1D structures such as nanowires or nanofibers based on synthetic materials exhibit enhanced anisotropic physical or electronic properties in a single dimension. 13 For example, by carefully programming π-conjugated aromatic units into the organic building blocks, self-assembled 1D structures show the ability to transport charge carriers over long distances under pulse-radiolysis. 14 These materials hold the potential to serve as candidate materials for advanced soft semiconducting optoelectronic devices. 15 To this end, aromatic units with electron/hole transport capabilities can be appended to oligopeptide sequences to form well-defined monodisperse subunits with H-bonding motifs. 16, 17 Peptide-π-conjugated hybrid systems could potentially outperform conventional synthetic π-conjugated systems in terms of structural diversity, sequence controllability, and functional tunability. In particular, synthetic oligopetides with π-conjugated cores generally show excellent processability in aqueous solutions and were shown to demonstrate hole transport capabilities, thereby providing promising candidate materials for field-effect transistors. 18 Although the kinetics of self-assembly is known to affect the emergent properties of π-conjugated oligopeptides, 19 ,20 the molecular mechanisms underlying assembly are not yet fully understood. Previous work has shown that π-conjugated oligopeptides self-assemble into fiber-like structures in acidic conditions due to the formation of H-bonding interactions between peptide flanking sequences. 16, 21 For peptides rich in acidic residues (e.g., aspartic acid, glutamic acid), enthalpic Hbonding driving forces dominate the assembly process in acidic conditions due to electrostatic screening effects. 16 From this view, acid-driven assembly has been used as the primary method to induce self-assembly for this class of materials in prior work. 16,19−21 Under kinetically dominated (or reactioncontrolled) conditions, acid-driven assembly generally results in rapid molecular assembly, completing within seconds and occurring across an extremely narrow pH window. 19 Under these conditions, it can be challenging to experimentally assess the role of additional enthalpic driving forces such as π−π stacking interactions and entropic driving forces such as hydrophobic effects, both of which are known to contribute to the self-assembly process. 16 Moreover, the vast majority of prior work has focused on investigating material properties after self-assembly process has completed, which generally occurs long after the critical sol−gel transition. Hence, in order to fully understand how molecular-scale interactions govern the overall self-assembly process, we aim to study the mechanical and optical properties of these materials through the sol−gel transition using a mild triggering scheme based on peptide concentration with a tunable parameter window.
In this work, we demonstrate and study the concentrationdriven assembly of synthetic oligopeptides containing two different π-conjugated cores (quaterthiophene and perylene diimide). Using a combination of structural and optical tools including particle tracking microrheology (PTM), 22 confocal fluorescence microscopy, circular dichroism (CD), and cryoelectron microscopy, we monitor the self-assembly process in situ for π-conjugated oligopeptides under near-equilibrium conditions, without the need for triggering assembly by addition of acid. Our results show that π-conjugated oligopeptides assemble into fiber-like structures upon increasing oligopeptide concentration under aqueous, pH-neutral conditions, even in the absence of electrostatic screening of charged amino acid residues. Microrheology and optical spectroscopy reveal a critical fiber formation concentration (c fiber = 0.1 mg/mL) and a critical gel concentration (c gel = 1 mg/mL) for quaterthiophene peptides, as well as a critical diffusive exponent α crit = 0.78 ± 0.04 for the onset of gelation. Using PTM, the linear viscoelastic moduli of the assembled structures are determined across a wide range of peptide concentrations, which clearly elucidates the sol−gel transition for these materials. Moreover, we find that the molecular structure of the π-conjugated core greatly affects the selfassembly process. Interestingly, oligopeptides containing 
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Research Article oligothiophene cores are observed to assemble into large, micron-scale fibers with β-sheet-rich morphologies upon increasing peptide concentration. On the other hand, oligopeptides containing bulky perylene diimide cores with steric constraints are generally inhibited for assembling into large fibers at neutral pH. Taken together, the combined characterization approach presented in this paper proves to be a powerful method in detecting and monitoring the self-assembly process, and our results could be useful in guiding the design and development of synthetic π-conjugated oligopeptides for future applications in optoelectronic materials.
■ RESULTS AND DISCUSSION
Microrheology of Peptide Solutions: MSDs and Critical Exponent. We studied the self-assembly of two different sequence-defined synthetic oligopeptides with π-conjugated cores (Figure 1 ). In particular, synthetic oligopeptides were designed to contain either a quaterthiophene (OT4) core or a perylene diimide (PDI) core situated between symmetric flanking oligopeptides with a primary amino acid sequence Asp-Phe-Ala-Gly (Supporting Information, Figures S1−S3). The overall sequence of the π-conjugated oligopeptides is HO-DFAG-OT4-GAFD-OH (abbreviated as DFAG-OT4) and HO-DFAG-PDI-GAFD-OH (abbreviated as DFAG-PDI), as shown in Figure 1a .
We began by using multiple PTM to study the sol−gel transition of oligopeptide solutions at neutral pH (Figure 1b,c) . Using this approach, trace amounts of small fluorescent probe particles are suspended in aqueous solutions of oligopeptide, and the diffusive motion of multiple probe particles is tracked over time. Aqueous solutions of oligopeptide are added to shallow wells in a glass dish mounted on an inverted fluorescence microscope, and a layer of silicone oil is slowly added on top of the aqueous peptide droplet as a barrier to prevent evaporation (Figure 1b) . A characteristic image of fluorescent probe particles suspended in an oligopeptide solution is shown in Figure 1c .
Using PTM, the ensemble-averaged mean-squared displacement (MSD) of particles ⟨Δr 2 (τ)⟩ is determined as
where ⟨·⟩ represents the ensemble average over many particle trajectories, τ is the lag time, D is the probe particle diffusivity, and α(τ) is the diffusive exponent. The power-law diffusive exponent α(τ) is calculated as
In this work, we focus on the long-time limit of the diffusion exponent, such that the diffusive exponent α(τ) = α is constant. In Newtonian fluids, α = 1.0, and probe particles follow Fickian diffusion. For non-Newtonian viscoelastic fluids, it is generally found that probe particles exhibit subdiffusive behavior such that 0 < α < 1.
Mean-squared displacements (MSDs) of probe particles in DFAG-OT4 solutions across a wide range of peptide concentration c are shown in Figure 2a . At low peptide concentrations (0.025 mg/mL to 0.1 mg/mL), probe particles exhibit Fickian diffusion with diffusive exponent α = 1 characteristic of a simple Newtonian solution, which suggests that isolated peptides or small aggregates are suspended in an aqueous solvent at fairly low concentrations. Interestingly, as the peptide concentration increases above 0.1 mg/mL, α begins to deviate from a value of unity, such that subdiffusive behavior is observed to occur for peptide concentrations above 0.1 mg/ mL. The onset of this behavior is thought to occur due to changes in local microstructure, such that probe particle thermal motion becomes hindered by the nascent fibers in solution. However, a modest change in α away from unity suggests that the assembled structures have not yet formed a network in the peptide sample. These data, combined with confocal imaging and electron microscopy data discussed below, suggest that oligopeptides begin to assemble into fibers around a critical fiber concentration c fiber = 0.1 mg/mL for DFAG-OT4.
The diffusive exponent α for DFAG-OT4 drops dramatically when peptide c exceeds 1 mg/mL, which is suggestive of the onset of gelation. In order to probe the sol−gel transition, we performed a time-cure superposition (TCS) analysis to determine the critical exponent α crit for DFAG-OT4. By 
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Research Article shifting the lag time τ and the MSD ⟨Δr 2 (τ)⟩ by numerical factors of a and b, respectively, a master curve is obtained as shown in Figure 2b . The shift factor a corresponds to a characteristic relaxation time, whereas the factor b is related to the creep compliance of the system. 23 In this way, TCS can be used to determine the relative amounts of energy stored and dissipated in a material by superposing the viscoelastic response at different stages of assembly as a function of concentration. 23−25 The master curve converges with a terminal of logarithmic slope α crit = 0.78 ± 0.04, which is defined as the critical exponent at the gel point. For diffusive exponents α > α crit , π-conjugated oligopeptides are in a sol phase, wherein small fibers are suspended in a viscous solvent without forming a network. For diffusive exponents α < α crit , peptides are in a gel phase, wherein self-assembled fiber structures form a percolated network spanning the entire system. Structural and Photophysical Properties of Assembled Structures. To further probe the molecular properties of π-conjugated oligopeptides during assembly, we studied the concentration-dependent assembly of DFAG-OT4 at neutral pH by combining PTM, confocal fluorescence microscopy, CD, and electron microscopy ( Figure 3 ). As discussed above, microrheology experiments show that the diffusive exponent α begins to decrease below a value of 1.0 for c > c fiber = 0.1 mg/mL, and α precipitously decreases below the critical exponent α crit = 0.78 at a critical gel contrentration c gel = 1 mg/mL (Figure 3a) . For peptide concentrations c > c gel , the diffusive exponent α ≈ 0.5, which suggests that the assembled DFAG-OT4 material is comprised of a percolated gel network. Prior studies have determined critical gel exponents α crit ranging between 0.5 and 0.8 for fractal-like polymer growth, which is the mechanism expected for the assembly of fiberforming peptide networks. 25 We further probed the fluorescence emission spectra to track the progression of π−π stacking interactions in the π-conjugated cores at different stages of assembly. Interestingly, the peak fluorescence emission wavelength exhibits a bathochromic shift upon increasing peptide concentration (Figure 3a) . The red-shifted fluorescence emission is further evident in confocal fluorescence microscopy images of aqueous droplets of DFAG-OT4, especially at the edge of the droplets (Figure 3c ). The red shift in fluorescence emission wavelength suggests a face-to-face molecular ordering of OT4 cores that can be associated with classic H-aggregation. 12, 26 Indeed, for c > c gel , the fluorescence emission wavelength red-shifts more than 60 nm.
To further probe the molecular-scale ordering of DFAG-OT4 during assembly, we performed CD measurements of DFAG-OT4 as a function of increasing peptide concentration at neutral pH (Figure 3b ). In general, CD data show evidence of increased molecular ordering upon increasing peptide concentration, which is consistent with a decreasing diffusive exponent α (suggesting an approach toward a gel phase) and red-shifted emission wavelength (suggesting π−π stacking interactions between π-conjugated cores). For peptide concentrations c > c fiber , CD absorption spectra show a broad minimum that shifts toward 218 nm, which is characteristic of β-sheet formation. 27 Interestingly, CD data show that peptide subunits self-assemble toward a β-sheet-rich structure for peptide concentrations c fiber < c < c gel , which occurs before the onset of the sol−gel transition at c gel . Therefore, CD spectra confirm that oligopeptide interactions gradually give rise to hydrogen-bonded structures upon increasing peptide concentration, likely due to interactions between adjacent peptide flanking sequences, which occurs before the onset of gelation. Finally, we performed cryo-electron microscopy on the assembled DFAG-OT4 materials. Scanning electron microscopy (SEM) images obtained from freeze-dried DFAG-OT4 solutions (2 mg/mL) directly reveal the existence of interlaced 3D percolated networks with an average mesh size ≲1 μm (Figure 3d) .
In addition to studying the concentration-driven selfassembly of oligopeptides at neutral pH, we also studied the pH-driven assembly of DFAG-OT4 under acidic conditions. 19, 20 Here, we triggered the self-assembly of DFAG-OT4 by allowing acid vapor to slowly diffuse through a layer of silicone oil that isolates an aqueous droplet of DFAG-OT4 (Figure 1b) , as previously described. 19 In these experiments, we also used microrheology to track the sol−gel transition of an aqueous solution of DFAG-OT4 containing probe particles under diffusion-dominated conditions ( Figure S4 ). The formation of assembled fibers in acidic conditions is indicated by a shift in the MSD of probe particle diffusion away from simple Fickian diffusion, such that the diffusive exponent α < 1. For kinetically controlled acid-driven self-assembly, the onset of gelation occurs at t = 10 h when the diffusive exponent α ≈ α crit and completes at t = 16 h with a diffusive exponent α ≈ 0.1, which is much smaller than α crit . This suggests the gel formed through acid-driven assembly is a strong gel (storage dominated). On the other hand, the gel formed via concentration-driven assembly at c > c gel shows a diffusive exponent α ≈ 0.5, which is indicative of a weak gel.
Prior work has shown that DFAG-OT4 peptides selfassemble into fiber-like structures via hydrogen bonding interactions in acidic conditions due to protonation of aspartic acid residues for pH < pK a for Asp. 16 Under these conditions, electrostatic repulsions are screened and π-conjugated oligopeptides assemble into fiber-like structures via intermolecular H-bonding interactions between peptide flanking sequences and π−π interactions between adjacent π-conjugated cores. The acid-driven self-assembly process leads to a hypsochromic shift in absorption and quenched bathochromic shift in fluorescence emission ( Figure S5 ), which can be attributed to the ordering of π-conjugated cores and is a signature for the formation of H-aggregate stacks within the molecular subunits. 26 Hence, despite differences in micromechanics, the molecular structure of the assembled fibers from both acid-driven and concentration driven assembly appears to be similar.
Concentration-Driven Assembly of π-Conjugated OT4 Oligopeptides. Taken together, the results in Figures 2 and 3 suggest that DFAG-OT4 oligopeptides assemble into higherorder fiber-like structures without triggering assembly under acidic conditions. Concentration-driven assembly can be understood by considering π−π stacking interactions and dispersive interactions within the OT4 cores. 28 Upon increasing concentration, peptide aggregation is mediated by π−π stacking of quaterthiophene cores, which further facilitates H-bonding interactions between adjacent peptides in the flanking sequences. Apparently, assembly occurs even under neutral pH conditions (pH = 7.0), where electrostatic repulsions are present due to negative charges on aspartic acid residues. Interestingly, π-stacking interactions of the OT4 cores alone are not sufficient to induce assembly. Under basic conditions (pH = 8 and pH = 14), no evidence of peptide assembly was observed using microrheology, even for peptide concentrations above the fiber formation concentration c > c fiber ( Figure S6 ). Under basic solution conditions, strong electrostatic repulsions hinder aggregation of peptides into large assembled structures; however, recent coarse-grained molecular dynamics simulations have shown that some π-conjugated peptides associate into small aggregrates under these conditions. 29 Figure 4 . Viscoelastic moduli G′(ω) and G″(ω) as a function of frequency ω determined from microrheology experiments for DFAG-OT4 at neutral pH (pH = 7) at (a) 0.5 mg/mL and (b) 2 mg/mL. (c) Representative probe particle trajectories and (d) van Hove correlation functions of probe particle trajectories at peptide concentrations of 0.1 mg/mL, 1 mg/mL, and 2 mg/mL. Solid lines are Gaussian fits. Scale bar = 2 μm.
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Optical spectroscopy, microrheology, and cryo-EM experiments demonstrate that fiber-like structures form in DFAG-OT4 solutions upon increasing peptide concentration. In fact, concentration-dependent self-assembly driven by π−π interactions has been observed in synthetic π-conjugated supramolecular systems based on discotic molecules, when the degree of polymerization increases with monomer concentration. 30 For synthetic π-conjugated oligopeptides, however, concentration-dependent assembly is thought to be driven by a combination of enthalpic forces (H-bonding and π−π stacking interactions) and entropic forces (hydrophobic effects). 16 On the other hand, the pH-driven sol−gel transition is challenging to observe, mainly due to a narrow window of pH in the vicinity of the transition (Figure S7 ), combined with a rapid molecular assembly process that usually completes within seconds due to H-bonding interactions between the peptide flanking sequences. 19 From this perspective, using peptide concentration as the external parameter controlling assembly, the sol−gel process can be probed across a wide range of experimentally accessible conditions.
Linear Viscoelastic Moduli and Structural Homogeneity. We further determined the linear viscoelastic moduli (storage modulus G′(ω) and loss modulus G″(ω)) as a function of frequency ω using probe microrheology. The viscoelastic moduli of a sample can be determined from the measurement of ⟨Δr 2 (τ)⟩ using the generalized Stokes− Einstein relation (GSER) under the assumption that probe particles are in a continuum and particle interia is negligible, 31, 32 such that
where k b is the Boltzmann constant,
is the unilateral complex Fourier transform of the mean-squared displacement, 33 i is the imaginary unit, a is probe (bead) radius, and G*(ω) is the complex modulus defined as
For discrete MSD data acquired from the experiment, the complex modulus G*(ω) can be approximated as
where Γ is the Γ-function and the angular frequency ω = 1/τ. The viscoelastic moduli G′ and G″ for DFAG-OT4 are shown in Figure 4a ,b under neutral pH conditions (pH = 7) at two different peptide concentrations. For a peptide concentration of 0.5 mg/mL (such that c fiber < c < c gel ), the loss modulus G″(ω) dominates the storage modulus G′ at all frequencies, which suggests that the peptide solution is viscouslike and the nascent fibers have not yet formed an entangled network. For a peptide concentration of 2 mg/mL (such that c > c gel ), the loss and storage moduli scale with nearly the same power-law relation as a function of frequency, such that G′(ω)
. This behavior is a signature of the critical gel point according to the Chambon and Winter criterion. 34, 35 Here, the storage modulus G′ ≈ 0.06 Pa, which is characteristic of a mechanically weak incipient gel. These results are consistent with the data and conclusions drawn from the diffusive exponent, as discussed above.
We further investigated the structural homogeneity of DFAG-OT4 oligopeptide solutions (Figure 4c,d) . Representative probe particle trajectories are shown in Figure 4c in DFAG-OT4 solutions at different peptide concentrations. Upon increasing peptide concentration, probe particle motion becomes increasingly restrained due to the formation of a fiber network. To quantify these data, we determined van Hove correlation functions showing the probability of probe particle displacement Δr for lag times between 0 s < τ < 1.7 s over at least 8000 data points, as shown in Figure 4d . Experimental data are fit to a Gaussian function:
where P(Δr, τ) is the probability of particle displacement as a function of lag time τ. Equation 6 is used to fit the data before gelation at c < c gel , during the sol−gel transition at c = c gel , and after gelation at c > c gel . The Gaussian function shows good agreement with experimental data, indicating that the system is purely diffusive. Probe particle motion can be described by a simple random walk with decreasing diffusion constant, which is reflected from the reduced variance of the Gaussian distribution. Moreover, Gaussian statistics of a van Hove correlation function serve as a good indicator of sample homogeneity, 36 such that particle displacement Δr for individual probe particles can be described by the same diffusion constant. In this way, we observe no evidence of sample inhomogeneities during the sol−gel transition for c > c gel for DFAG-OT4.
Effect of π-Conjugated Core on Oligopeptide Assembly. We further sought to study the effect of π-conjugated cores on the self-assembly of synthetic oligopeptides. For these experiments, we again applied the combined experimental approach including microrheology, optical spectroscopy, and cryo-EM to aqueous solutions of DFAG-PDI ( Figure 5 ). Microrhelogy reveals that the diffusive exponent α = 1 for peptide concentrations ranging between 0.1 and 4 mg/mL at neutral pH (Figure 5a) . In all cases, the oligopeptide solution remains Newtonian with the apparent lack of network formation upon increasing peptide concentration. Although DFAG-OT4 and DFAG-PDI oligopeptides share the same amino acid flanking sequences, the diffusive exponent and peak fluorescence emission wavelength remain constant for DFAG-PDI across a wide range of peptide concentrations (Figure 5b ), which starkly contrasts the behavior of DFAG-OT4 ( Figure  3a) . Moreover, confocal fluorescence images of DFAG-PDI droplets show no change in color upon increasing peptide concentration (Figure 5c ), which again contrasts DFAG-OT4 (Figure 3c) . Interestingly, SEM images of DFAG-PDI reveal the formation of few extremely short fibers on the order of size ∼100 nm (Figure 5d ), which is consistent with apparent Newtonian behavior of the solution and lack of spectral shifts even at high peptide concentrations.
The OT4 core is connected by three C−C bonds (between sp 2 carbon atoms), thereby resulting in additional degrees of torsional flexibility compared to PDI. Indeed, the bulky PDI core in DFAG-PDI can be viewed as two naphthalene half units connected together by C−C bonds, thereby resulting in a large π-conjugated aromatic core. The steric strain in the two halfunits tends to twist the PDI core into a propeller-like structure with an angle of ∼30°. 37 The twist in the π-conjugated core is also reflected in the unique vibronic secondary peak in the fluorescence emission spectrum ( Figure S8) . 38 The distortion of PDI core from planarity restricts the aggregation and packing of the DFAG-PDI monomers, despite the appended peptide flanking sequences that adds some degrees of freedom and the potential for H-bonding. Therefore, the potential attractive enthalpic interactions are not able to overcome the large degree of steric repulsion originating from the PDI core at neutral pH (pH = 7), which likely precludes the assembly of DFAG-PDI into long fibers and percolated networks upon increasing peptide concentration. Finally, DFAG-PDI can be induced to self-assemble under acidic conditions at low pH ( Figures S8  and S9 ), presumably by screened electrostatic repulsions, as indicated from the hypsochromic shift in the absorption spectrum and quenched bathochromic shift in the fluorescence emission spectrum.
■ CONCLUSION
In this work, we combine multiple particle tracking microrheology, confocal fluorescence microscopy, optical spectroscopy, and electron microscopy to investigate the structural and optical properties of π-conjugated oligopeptides across a wide range of peptide conditions. Self-assembly and in situ fiber formation is monitored in solution under near-equilibrium conditions using both concentration-driven assembly and aciddriven assembly. Our results show that π-conjugated oligopeptides with relatively flexible OT4 cores self-assemble into fiberlike structures under neutral pH (pH = 7); however, peptides with sterically constrained PDI cores show no evidence of assembly upon increasing peptide concentration at neutral pH. For DFAG-OT4, microrheology and fluorescence emission spectra indicate the existence of a critical fiber concentration c fiber = 0.1 mg/mL and a critical gel concentration c gel = 1 mg/ mL with a critical diffusive exponent α crit = 0.78 ± 0.04 from time-cure superposition (TCS) analysis. CD spectra confirm the formation of β-sheet-rich fiber structures at c > c gel for DFAG-OT4, and the loss modulus G″(ω) dominates at c < c gel , while at c > c gel , G′(ω) ≈ G"(ω), which is the hallmark of a critical incipient gel. Moreover, probe particle trajectories are well described by Gaussian statistics, which suggests that the materials remain homogeneous before and after the sol−gel transition. Compared to acid-driven self-assembly, the gel formed through concentration-driven assembly is much weaker, but the molecular stacking structures resulting from both schemes are similar.
The combined microrheology−spectroscopy approach in this work is useful in elucidating the structural and optical properties of π-conjugated oligopeptides. This powerful approach enables effective monitoring and control over the self-assembly process for synthetic π-conjugated oligopeptides in situ, which can be challenging to achieve. Given the potential applications for biohybrid synthetic peptides in electronic materials, conductive fibers or gels possessing specified mechanical strengths could be assembled and manufactured in a controlled fashion by precisely tuning concentration and/ or acid diffusion time. Furthermore, our results further help to illuminate the fundamental self-assembly mechanisms for synthetic π-conjugated oligopeptides in solution under pHneutral conditions. Taken together, these results may benefit the solution processing of π-conjugated oligopeptides for nextgeneration optoelectronic materials, while further informing bottom-up design rules for new classes of molecular building blocks.
■ EXPERIMENTAL METHODS
Materials. Two different sequence-defined synthetic oligopeptides with π-conjugated cores were synthesized using
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Research Article solid phase peptide synthesis (SPPS), as previously described. 39, 40 Experimental details regarding peptide synthesis and analytical characterization are shown in Supporting Information (Figures S1−S3) . Synthetic oligopeptides contained either a quaterthiophene (OT4) core or a perylene diimide (PDI) core situated between symmetric flanking oligopeptides with a primary amino acid sequence Asp-PheAla-Gly. The overall sequence of the π-conjugated oligopeptides is HO-DFAG-OT4-GAFD-OH (abbreviated as DFAG-OT4) and HO-DFAG-PDI-GAFD-OH (abbreviated as DFAG-PDI).
Multiple Particle Tracking Microrheology. DFAG-OT4 and DFAG-PDI peptides were dissolved in distilled, deionized water (Millipore, conductivity 18 MΩ·cm). An aqueous solution of peptide (50 μL) containing 2 v/v% fluorescent polystyrene tracer particles (diameter d = 0.84 μm, Spherotech) is added to the center of a Petri dish with cover glass bottom (FluoroDish). A layer of silicone oil (dynamic viscosity η = 1000 cP at T = 22.5°C, Sigma-Aldrich) is slowly added on top of the aqueous peptide droplet as a barrier to prevent evaporation. Imaging is performed using an inverted fluorescence microscope (IX71, Olympus) coupled to a standard charge-coupled device (CCD) camera (Grasshopper3, Point Gray). Samples are illuminated using a 100 W mercury arc lamp (USH102D, UShio) directed through a 12% neutral density filter (Olympus), a 535 nm band-pass excitation filter (HQ535/30m, Chroma), and a 550 nm single-edge dichroic mirror (Chroma). Fluorescence emission is collected by a 1.4 NA 63× oil immersion objective lens (UPlanSApo, Zeiss), and a 585 nm emission filter (D585/30m, Chroma) is used in the detection path. For each experiment, the motion of at least 100 in-frame particles is acquired using a CCD camera (1024 × 1024 pixels, 5.86 μm pixel size) for ∼1000 frames at a frame rate of 59 Hz for enhanced short-time resolution. All experiments are conducted at T = 22.5°C. The center-ofmass positions of tracer particles are determined using a custom Matlab program, and particle positions in consecutive video frames are linked to form trajectories. 41, 42 Static errors during microrheology experiments are determined by tracking the MSD of probe particles arrested in 3% w/w agarose gel, which is used to correct particle trajectories. 43, 44 Assembled peptide structures are not affected by the addition of probe particles, which suggests that the particles generally exhibit minimal nonspecific interactions with the peptides in solution. 45 Structural and Optical Characterization. Cryo-electron microscopy (cryo-EM) was used for structural characterization of assembled peptides. In these experiments, π-conjugated oligopeptide samples are rapidly frozen using liquid nitrogen, dried under a vacuum to maximally retain sample morphology in solution, and imaged using a Hitachi S4800 high-resolution scanning electron microscope (SEM). Confocal fluorescence microscopy was also used for optical and structural characterization of microstructure. In these experiments, a multiphoton confocal microscope (Zeiss 710) was used to determine the fluorescence emission spectra of both unassembled and assembled DFAG-OT4 and DFAG-PDI. Here, DFAG-OT4 samples were illuminated using two-photon excitation at a wavelength of 780 nm using a Ti-Sapphire laser (Mai-Tai, Spectraphysics), and DFAG-PDI samples were illuminated using one-photon excitation at a wavelength of 405 nm. UV− vis absorption spectra were determined using a Cary 5000 UV− vis spectrometer (Agilent). CD spectra were obtained using a JASCO J-815 CD spectrometer.
